Paroxysmal nocturnal hemoglobinuria (PNH) is an acquired hemolytic anemia in which membrane defects within the red cells make them susceptible to the lytic action of complement [1, 2] . It is characterized by two major clinical features: chronic intravascular hemolysis with resulting gross hemoglobinuria and diffuse venous thrombosis [2, 3] . Since the clinical course is variable, the diagnosis of PNH is often delayed or overlooked [2, 3] . When this diagnosis is considered, it can be confirmed by laboratory tests including the sucrose hemolysis test, urine examination for hemosiderin, and the Ham acid hemolysis test [1, 2] .
Prior to magnetic resonance (MR) imaging, radiographic findings in PNH have been described as large kidneys with cortical infarcts, cortical thinning, or papillary necrosis [4, 5, 7] . The MR manifestations of iron deposition in the kidney, liver, and spleen in other hemolytic anemias, such as sickle cell disease and thalassemia, have been reported [6] [7] [8] [9] . There have only been a few case reports of MR findings with spin-echo imaging in patients with PNH, which describe low signal intensity in the renal cortex, due to the paramagnetic effects of iron deposition [10] [11] [12] . The findings in the kidneys, liver, and spleen on spin-echo, gradient-recalled echo, and inversion recovery sequences in eight additional patients are described.
Materials and Methods
Eight patients with PNH underwent MR examination. Five patients were female, three were male, with a mean age of 27 years. Diagnoses were made by laboratory studies and had already been established at the time of imaging in these patients for a mean of 7 years (range 2-15 years). All MR scans were obtained with a GE 1.5 T Signa Unit. The patients were referred for MRI because of clinically suspected abdominal venous thromboses. All examinations were reviewed retrospectively.
Spin-echo sequences were obtained in the axial plane as follows: in six patients, Tl-weighted images at TR 500, TE 11, 15, or 20 ; and in one patient at TR 600, TE 20. In five patients, T2-weighted images were obtained at TR 2000 or 2500, TE 30 or 40 and 80. All images were obtained at 7-mm intervals with a matrix of 256 • 128 and 2NEX. Respiratory compensation was used in all patients. One patient was imaged by an inversion recovery sequence at TR 2800, TE 40, IT 160. Axial gradient-echo (GRASS) images were obtained in seven patients at TR 33 or 37, TE 12 or 13 and at 30 ~ 45 ~ or 60 ~ flip angles with 7-mm intervals in the axial plane. In three patients, coronal images were obtained as follows: one by gradient echo of TR 33 and TE 13, flip angle 45 ~ one at TR 37, TE 12, flip angle 45 ~ and one at T1-weighted images of TR 400, TE 11. All of these were at 10-mm intervals.
The signal intensities of the liver and spleen were compared visually to skeletal muscle and categorized as either greater than that of muscle (normal), or equal to or less than that of muscle (decreased). Renal cortical signal intensity was visually compared to the renal medulla, and categorized as decreased, isointense, or increased. Tables 1-3 . The signal intensity in the renal cortex was decreased by either gradient-echo or T2-weighted sequences in all patients and decreased in the single inversion recovery sequence. In one patient with respiratory motion artifact, the kidney appeared of diffusely low signal on the gradient-echo sequence. Signal in the renal cortex was decreased compared to the medulla on T1 sequences in four of seven patients, isointense in two patients, and increased in one patient.
Results

MR findings are summarized in
On spin-and gradient-echo sequences hepatic signal intensity was normal in five of eight patients. One patient (patient 3) had diffusely markedly diminished signal intensity. Two patients (4 and 8) had mildly decreased, inhomogeneous peripheral signal intensity.
Splenic signal intensity was normal by T2 or gradient-echo sequence in five of eight patients. Patient 3 had markedly low signal. Two patients (2 and 5) demonstrated focal distinct low signal dots in the spleen, but with otherwise normal splenic signal intensity.
Additional MR findings included hepatomegaly with marked narrowing of hepatic veins in patients 2 and 4, and nonvisualization of the main hepatic veins in patient 8. Superior mesenteric, portal vein, and vena cava thromboses were present in patient 5.
Autopsy of patient 3 was performed within 1 week of MR imaging, and reported heavy iron deposition in the liver, spleen, and kidneys with centrilobular necrosis in the liver. Liver biopsy of patient 8, performed within 1 month of MR imaging, reported central sinusoidal fibrosis consistent with hepatic vein thrombosis.
Discussion
Prior to the advent of MR imaging, there were no descriptions of PNH in the radiologic literature, due to the Table 1 for abbreviations. Patient 3 had markedly decreased diffuse signal intensity. Patients 4 and 8 had decreased inhomogeneous peripheral signal intensity. Table 3 . Signal intensities in the spleen pared the renal cortex to the medulla and described low renal cortical signal intensity on T1-and T2-weighted sequences [10] [11] [12] 16] . The signal intensity of the liver has been described in two cases as normal and in one case as decreased [11, 12, 16] . The signal intensity of the spleen was reported to be normal in a single case [16] . Visual comparison of hepatic and splenic signal intensity with paraspinous musculature, reported to be useful in assessment of parenchymal iron deposition in other diseases, was used to evaluate these organs in this study [16] .
The MR findings in the kidney in these eight patients confirm case reports of low signal in the renal cortex on T1-and T2-weighted sequences, and also demonstrate this effect on gradient-echo and inversion recovery sequences (Fig. 1) .
The signal intensity of the normal kidney on T1-weighted images is low, with the renal cortex slightly more intense than the medulla, resulting in corticomedullary differentiation [7] . This normal appearance was seen in one of the seven patients. The cortex may become isointense to the medulla on Tl-weighted images in dehydration and a variety of renal disorders [17, 18] .
This finding was demonstrated in two of seven patients. Decreased signal intensity in the cortex, as described in the prior case reports of PNH, was seen in four of seven patients.
On T2-weighted images, the cortex and medulla both have high signal intensity, similar to the signal intensity of the spleen and fat, and there is no visual distinction between the cortex and medulla [17, 18] . In all eight patients, low signal in the cortex was identified by T2 or gradient-echo sequences. This low signal in PNH is due to intense hemosiderin deposition in the renal cortex, the characteristic pathologic feature of this disease [19] . The ferric iron in hemosiderin is a paramagnetic agent which causes both decreased T1 and T2 relaxation times of the nearby hydrogen atoms. The extreme shortening of the T2 relaxation time decreases signal in both T1 and T2 images, but this effect is greater in T2-weighted sequences [20, 21] (Fig. 2) . This low cortical signal is also more conspicuous on T2-weighted images due to the adjacent high signal medulla (Figs. 2 and 3) . Gradient-echo imaging is also sensitive to T2 signal loss resulting from dephasing caused by the field inhomogeneities induced by paramagnetic agents, particularly because it lacks the 180 ~ refocusing pulse, which partially recovers signal loss in spin-echo imaging caused by field inhomogeneities [20, 21] .
The intense iron deposition in the proximal tubule cells in the renal cortex characteristic of this disease is related to the location and the mechanism of hemolysis (Fig. 4) . Most hemolytic anemias, such as sickle cell Fig. 2 . In some patients with PNH, the low cortical signal is more apparent on T2-weighted SE images. A Tl-weighted SE image (500/ 11); (B) T2-weighted SE image (2500/80). disease, autoimmune hemolytic anemia, or hereditary spherocytosis, are characterized by extravascular hemolysis (i.e., reticuloendothelial degradation of damaged or defective red cells) resulting in iron deposition in the liver and spleen [22, 23] . In contrast, intravascular hemolysis which occurs in either PNH or in mechanical hemolysis due to prosthetic cardiac valves, results in direct hemoglobin release into the plasma [24, 25] . At very low rates of intravascular hemolysis, the hemoglobin attaches to the plasma protein haptoglobin and is removed by the hepatocytes. When plasma haptoglobin becomes saturated with hemoglobin, free hemoglobin passes through the glomerulus, is reabsorbed in the proximal tubules, and stored as hemosiderin [2, 19, 26, 27] . When the tubular absorptive capacity is exceeded, this filtered hemoglobin is lost in the urine [27] . Interestingly, renal function is often abnormal in these patients due to venous microthrombi rather than to tubular damage from hemosiderin deposition [4, 5] .
Renal iron deposition in PNH is unrelated to transfusion therapy, since patients with transfusional siderosis and primary hemochromatosis have normal renal signal intensity. This is consistent with pathologic reports which demonstrate that little renal iron deposition occurs in the latter two entities [7, 16, [28] [29] [30] .
Low renal cortical signal intensity from iron deposition is characteristic but not pathognomonic of PNH, since this finding is also reported in sickle cell disease [7] . This may be due to episodes of hemolytic crises, resulting in some degree of intravascular hemolysis and renal hemosiderin deposition, or due to iron deposition in the glomerulus, although, pathologically, less renal iron is detected in sickle cell disease than in PNH [22, 26, 28] . Low renal medullary signal due to hemorrhage has been described in hemorrhagic fever with renal syndrome, representing a pattern of findings on MR opposite to those seen in PNH [31] .
In the liver, patients with PNH typically have decreased or absent parenchymal iron (due to heavy renal hemoglobin deposition and urinary iron loss) unless multiple transfusions have been given [24, 28, 32, 33] . This is in contrast to other chronic hemolytic anemias which have abnormally increased hepatic and splenic iron deposition, due to reticuloendothelial (i.e., extravascular) red cell destruction [23, 25] . It is therefore unlikely that the decreased hepatic signal in three patients was caused by iron deposition resulting from the intravascular hemolysis in PNH. The diffuse very low signal intensity in the liver and spleen demonstrated in patient 3 is consistent with previous MR findings in transfusional siderosis, and was most likely due to the history of 15 years of multiple transfusions (Fig. 5) [16] . Autopsy of this patient demonstrated diffuse intense iron deposition consistent with transfusional siderosis, in addition to centrilobular necrosis due to hepatovenoocclusive disease.
An additional finding in the liver in PNH is hepatic venous thrombosis, a life-threatening complication. This typically involves at least the secondary and tertiary venous radicals (whether or not the primary veins are also involved) and is caused by thrombi consisting of red blood cell ghosts [14] . Centrilobular necrosis and hepatic congestion occur secondary to this thrombotic process. Older lesions may demonstrate confluent fibrosis [13, 14] . Decreased inhomogeneous hepatic signal in patients 4 and 8 was accompanied by hepatomegaly and narrowing or nonvisualization of the intrahepatic veins, and these findings are likely due to hepatovenoocclusive disease (Fig. 6) . A similarly inhomogenous pattern was demonstrated by contrast-enhanced CT in patient 4, and hepatovenoocclusive disease was confirmed by biopsy in patient 8. Similar M R and CT findings have been described in hepatic venous thrombosis [34] [35] [36] .
The spleen contributes little to the intravascular hemolytic process in PNH. Therefore, the spleen is neither enlarged or congested, and erythrophagocytosis is absent, unlike the spleens in patients with thalassemia, sickle cell disease, or hereditary spherocytosis. Like the liver in PNH, iron is characteristically absent unless transfusional siderosis has occurred [24] .
Normal splenic intensity on MR is visually similar to hepatic signal intensity on Tt-weighted images. On T2-weighted images the signal intensity is very bright, near fat, or that of the kidney [9, 18] . Abnormally de-creased splenic signal intensity has been previously described in patients with transfusional siderosis, hemochromatosis, and sickle cell disease consistent with iron deposition [6, 9, 16] . The diffuse low signal intensity in both the spleen and liver in patient 3 is probably due to transfusion siderosis.
Focal low signal intensity spots in the spleen were identified on T2 and gradient-echo imaging in two patients with PNH, one of whom also demonstrated evidence of chronic portal vein thrombosis. This finding is most clearly demonstrated on gradient-echo images, likely secondary to the breath-hold technique used in this sequence (Fig.  7) . These low intensity foci have been seen in patients with portal hypertension or portal vein thrombosis, and are considered to represent siderotic nodules or Gamna-Gandy bodies, organized foci of hemorrhage, hemosiderin deposition, and fibrosis. These nodules generally are not visualized by CT, although have been reported as hyperechoic lesions on ultrasound [37, 38] .
In summary, in PNIt, iron deposition in the kidneys, liver, and spleen is readily demonstrated by MR imaging, particularly by T2 and gradient-echo sequences. Signal intensity in the renal cortex is markedly decreased, due to the heavy deposition of hemosiderin in the proximal tubules resulting from intravascular hemolysis. The signal intensity in the liver and spleen is normal unless transfusional siderosis or vascular thrombosis have occurred.
